We herein propose a MAC protocol for the smart antenna network, which applies pulse/tone exchange prior to the RTS/CTS handshake process. RTS frame collisions are drastically reduced with little additional overhead due to pulse/tone exchange in the proposed protocol. In addition, the number of exposed nodes is reduced by using smart antennas. Furthermore, since the occurrence of the deafness problem can be identified by pulse/tone exchange failure, retransmission is conducted using a fixed contention window value. Therefore, the wastage of wireless resources due to the deafness problem is reduced. As a result, the network throughput can be effectively improved compared with that for previous protocols. Simulation results demonstrate the validity and effectiveness of the proposed protocol. key words: smart antennas, ad hoc networks, DMAC, pulse/tone
Introduction
Ad hoc networks are next-generation networks without centralized control. The IEEE 802.11 Distributed Coordination Function (DCF) [1] provides a request-to-send and clearto-send (RTS/CTS) handshake protocol for mitigating collisions caused by the hidden-node problem. Since RTS/CTS frames are shorter than DATA frames, the RTS/CTS handshake can effectively mitigate DATA frame collisions. RTS frame collisions, however, still occur. In addition, IEEE 802.11 DCF was designed to run on nodes equipped with omni-directional antennas, the use of which limits the spatial reusability of the network.
Recently, communications using beamforming by smart antennas has attracted attention [2] - [15] . Smart antennas provide two separate modes: the omni-mode, in which the antenna radiates omni-directionally, and the directional mode, in which the main lobe of the antenna can be pointed in any specified direction. A MAC protocol for smart antenna networks, called the directional MAC protocol (DMAC), was proposed in a previous study [3] . Since the spatial reusability efficiency is enhanced by using smart antennas, the network throughput is improved. However, there are two dominant factors degrading the network throughput. One is the occurrence of RTS frame collisions due to the hidden-node problem [3] . The directional hidden-node problem newly occurs when applying smart antennas. The other factor is wireless resource wastage due to On the other hand, a pulse/tone exchange protocol has also been proposed [17] . In this protocol, the pulse and tone are exchanged prior to the RTS/CTS handshake process. Since the pulse and tone are short-duration, narrowband signals, RTS frame collisions are drastically reduced and the network throughput is improved. The use of an omni-directional antenna, however, still limits the spatial reusability of the wireless resource as confirmed in [17] . In addition, the network throughput is limited due to the increase in exposed nodes. Exposed nodes are prevented from transmitting even though they would not interfere with any other nodes. Since the pulse and tone do not contain any information, all two-hop neighbor nodes of the transmitter will defer their transmission [17] . Thus, the number of exposed nodes increases and the network throughput is accordingly limited.
We herein propose a MAC protocol for smart antenna networks. Each node has only one transceiver in the proposed system. The basic idea is that the pulse/tone exchange proposed in [17] is applied to the DMAC protocol [3] . The proposed protocol has three advantages. First, compared with the DMAC protocol, RTS frame collisions can be drastically reduced with little additional overhead by exchanging the pulse and tone prior to the RTS/CTS handshake process. Second, by using smart antennas, the number of exposed nodes can be reduced compared with the pulse/tone exchanging protocol described in [17] . Finally, because the occurrence of the deafness problem can be identified based on pulse/tone exchange failure, retransmission is accordingly conducted with the fixed CW. The wastage of wireless resources due to the deafness problem is therefore reduced. As a result, the network throughput can be effectively improved compared with that for previous protocols. Simulation results demonstrate the validity and effectiveness of the proposed protocol.
Related Works

MAC Protocol Using Smart Antenna Systems
The research community has been working on developing MAC protocols [2] - [15] for ad hoc networks with smart anCopyright c 2012 The Institute of Electronics, Information and Communication Engineers tennas. The DMAC protocol [3] is considered to be the basic MAC protocol for smart antenna networks. In the DMAC protocol, a channel is reserved by using RTS/CTS handshakes. All frames are transmitted in the directional mode. Figure 1 shows a flowchart of the DMAC protocol.
In the DMAC protocol, after confirming that the channel is idle, a transmitter transmits an RTS frame in the directional mode when the backoff timer (BT) is counted down to 0. If a receiver succeeds in receiving the RTS frame, the receiver replies by transmitting a CTS frame in the directional mode. Upon receiving the CTS frame from the receiver, the transmitter starts a DATA frame transmission in directional mode. When the receiver can receive the DATA frame successfully, the receiver transmits an ACK frame for reception confirmation. Since the network spatial reusability efficiency is enhanced using smart antennas, the network throughput is improved in the DMAC protocol.
However, the network throughput is degraded because of two dominant factors in the DMAC protocol. One is the RTS frame collision problem. RTS frame collisions occur when RTS frames are transmitted simultaneously by multiple nodes under the heavy offered load condition. Furthermore, in the smart antenna system, a directional hiddennode problem newly arises. Figure 2 shows an example of the directional hidden-node problem. When node S prepares to transmit frames to node D after finishing communication in another direction, node S beamforms to node D. Node S cannot hear the RTS/CTS exchange between the node X and node D because of the previous communication in another direction. Therefore, node S transmits an RTS frame to node D, which interferes with the DATA frame transmission of node X. This directional hidden-node problem causes frame collisions and degrades the network throughput in the DMAC protocol.
Another factor is the deafness problem. The deafness problem is a typical drawback for smart antenna networks. When a transmitter transmits an RTS frame to a receiver, which transmits or receives a frame to or from another node, the deafness problem occurs. Since the receiver is beamformed toward the direction away from the transmitter, the receiver is unable to hear the RTS frame transmission. Figure 3 shows an example of transmission failure due to the deafness problem in the DMAC protocol. Since node X is beamforming toward node D, node X cannot comprehend the RTS frame transmission from node S. Accordingly, node S cannot receive the CTS frame for response. Then, node S retransmits the RTS frame after the BT decreases to 0. The initial BT value is set randomly in the range of 0 to CW. When the RTS frame transmission fails, the CW is doubled and the BT is reset. This kind of binary exponential increase in the CW can reduce the RTS frame collision probability. However, if the transmission failure is caused by the deafness problem, then the binary exponential increase in the CW causes wastage of channel resources, as shown in Fig. 3 . In Fig. 3 , node S fails in the RTS/CTS handshake process due to the deafness problem. It is not necessary to double the CW when the transmitter retransmits the RTS frame. In the DMAC protocol, the transmitter cannot understand the reason for the transmission failures. When an RTS frame retransmission is needed, the CW is doubled in all cases because the throughput decrease due to the effect of the transmission failure caused by the hidden-node problem is larger than that due to the effect of the transmission failure caused by the deafness problem. MAC protocols [5] - [15] enhance network throughputs by suppressing the directional hidden-node and deafness problem effects. Busy-tone usage [7] - [9] is one strategy for mitigating the directional hidden-node and deafness problems. In these busy-tone-usage protocols, the directional hidden-node and deafness problems can be effectively mitigated by sending busy tone signals during the transmission and reception period. However, each node is required to have two transceivers. In addition, RTS frame collisions still degrade the network throughput in these protocols, which use the busy tone.
MAC Protocol Using Pulse and Tone
An RTS frame collision avoidance MAC protocol was proposed for omni-directional antenna networks in [17] . Two narrow-band signals, which are called pulse and tone, are used prior to the RTS/CTS handshake process. According to [16] , [17] , it is sufficient for nodes to detect the pulse/tone in 5 μs when 1% of data channels is given, which is much shorter than the RTS frame length. Therefore, the pulse and tone can be placed at both the ends of the channel spectrum in order to ensure adequate spectral separation between two pulse/tone channels, as shown in Fig. 4(a) . The pulse/tone exchange does not interfere with the other frame transmissions. Moreover, pulses and tones do not collide with other pulses or tones. Figure 4 (b) shows the pulse/tone exchange process proposed in [17] . In Fig. 4(b) , the transmitter X sends a pulse to the receiver D prior to the RTS frame transmission. When neighbor nodes, which are in the range of the transmitter communication range, detect the pulse, they reply a tone after deferring the transmission for the SIFS duration. The duration of the pulse/tone exchange is only one slot time, which is 20 μs in IEEE 802.11b, as shown in Fig. 4 (b). The probability that multiple pulses are transmitted simultaneously is much lower than the probability of RTS frame collisions. As a result, RTS frame collisions due to the hiddennode problem are effectively inhibited.
Although RTS frame collisions are drastically reduced in the pulse/tone protocol, the use of the omni-directional antenna still limits the spatial reusability of wireless resource. In addition, the network throughput is limited due to the increase in exposed nodes. Exposed nodes are refrained from transmitting, even though they would not interfere with transmission. Since neither the pulse not the tone contain any information, all two-hop neighbor nodes of the transmitter defer their transmission in the pulse/tone protocol. Thus, exposed nodes increase in networks. The network throughput is accordingly limited.
Proposed MAC Protocol
In the present paper, a MAC protocol for a smart antenna network is proposed. Each node has only one transceiver in the proposed system. This achieves a low additional hardware cost as compared with the busy-tone-usage protocols [7] - [9] . The basic idea of the proposed protocol is that the pulse/tone exchange proposed in [17] is applied to the DMAC protocol [3] . In the proposed protocol, we only focus on the MAC protocol design. Each node is assumed to know all of the neighbor nodes and their directions. This assumption follows assumptions in other smart-antenna systems [3] , [4] , [6] , [14] . There are a number of techniques for identifying the node positions. The GPS technique is one of methods by which the location of a node in the network is determined [5] . Figure 5 shows a flowchart of the proposed protocol for transmitters. Compared with the DMAC protocol [3] , as shown in Fig. 1 , the pulse/tone exchange process is newly added at the final time slot in the backoff stage. In the proposed protocol, RTS frame collisions are drastically reduced with little additional overhead due to the pulse/tone exchange in the proposed protocol. In addition, the number of exposed nodes is reduced by using smart antennas. Furthermore, since the occurrence of the deafness problem can be identified based on the pulse/tone exchange failure, the Table 1 Triggers and operations of the proposed protocol.
ID
Triggers Operations T1 A node has a DATA frame. The node sets the BT.
T2
A node confirms that the channel is idle in omni-mode until the final 1 time slot of the backoff stage is left. The node prepares to send a pulse to the destination.
T3
A node transmits a pulse, tone, RTS frame, CTS frame, DATA frame or ACK frame completely.
The node sets a wait-timer for tone, RTS frame, CTS frame, DATA frame or ACK frame, respectively.
T4
A node detects a tone or receives an RTS frame, CTS frame or DATA frame.
The node prepares to send the relevant frame, i.e. RTS, CTS, DATA or ACK, in directional mode.
T5
A node receives an RTS frame within the preset wait-timer duration. However, the node is not the destination of the received RTS frame. The node sets DNAV.
T6
A node fails to detect a tone or receives an RTS frame, CTS frame, DATA frame or ACK frame within the preset wait-timer duration.
If the node fails to detect a tone the node retransmits a pulse with the fixed CW. If the node fails to receive the CTS frame or ACK frame, the node retransmits a pulse with doubled CW. If an RTS frame or a DATA frame is not received, then the node returns to the previous state, i.e. the IDLE state or the CONT END state.
T7
A node senses the channel in the directional mode and confirms that the channel is idle for a SIFS duration.
The node starts to transmit a pulse, tone, RTS frame, CTS frame, DATA frame or ACK frame in the directional mode.
T8
A node senses the channel in the directional mode. However, the node confirms that the channel is busy within a SIFS duration.
If the node prepares to transmit an RTS frame or a DATA frame, the node retransmits a pulse with the doubled CW. If the node prepares to transmit a tone, CTS frame or ACK frame, the node cancels the pending transmission. T9
A node receives an ACK frame. The transmission succeeds. retransmission is accordingly conducted using the fixed CW.
Wastage of wireless resources due to the deafness problem is therefore reduced. Table 1 lists the triggers and operations for each node when the proposed protocol is applied to networks. Figure 6 shows the state transition diagram of the proposed protocol. In Fig. 6 , a node changes the state when the trigger events occur. The trigger events are given in Table 1 . The numbers written on the arrows correspond to the ID in Table 1 . All nodes start at the IDLE state in omnimode, where the node has no transmission frame. When an IDLE node has a transmission frame, the IDLE node sets BT and moves to the CONT END state following T1.
Details of the Proposed MAC Protocol
In the CONT END state, the transmitter senses the channel in omni-mode. After the transmitter confirms that the channel is idle, the transmitter requests that the physical layer beamform toward the receiver. The transmitter then transfers to the T RANS MIS S ION state and sends a pulse. Next, the transmitter sets a tone-wait timer and moves to the WAIT REPLY state following T3. When a node detects a pulse, the node beamforms toward the transmitter following T10. In addition, when the node detects multiple pulses from different directions in the omni-mode, the node beamforms to the first pulsedetecting direction in the proposed protocol. In addition, when the node detects multiple pulses in the same direction, the node beamforms to the pulse-detecting direction because pulses do not collide with other pulses. Then, the node confirms whether the channel is idle for a SIFS duration in the WAIT S IFS state. If the node confirms that the channel is idle, then the node sends a tone and sets an RTS-wait timer. The node transits to the WAIT REPLY state following T3. Conversely, if the node detects that the channel is busy in the WAIT S IFS state, the node cancels the tone transmission and returns to the IDLE state or the CONT END state following T6.
If the transmitter detects the tone, the transmitter transits to the WAIT S IFS state following T4. After confirming that the channel is idle for the SIFS duration, the transmitter moves to the T RANS MIS S ION state following T7 and starts to transmit an RTS frame in directional mode. Conversely, if the tone is not detected within the predefined tone-wait timer duration, the transmitter transits to the CONT END state following T6 to retransmit the pulse with the fixed CW.
After the RTS frame is received successfully, the receiver transfers to the WAIT S IFS state following T4. The receiver then transmits a CTS frame in directional mode following T7 after confirming that the channel is idle for the SIFS duration. The neighbor nodes of the transmitter also receive the RTS frame to update their respective DNAV tables following T5. If the transmitter succeeds in receiving the CTS frame, the transmitter transfers to the WAIT S IFS state again following T4 in oder to confirm whether the channel is idle. After confirming that the channel is idle for the SIFS duration, the transmitter starts to send a DATA frame in directional mode following T7. Then, the transmission succeeds once the transmitter successfully receives an ACK frame from the receiver following T9. In contrast, if the transmitter cannot receive a CTS frame, the transmitter transfers to the CONT END state following T6 and retransmits the pulse with the doubled CW.
Mitigating Hidden and Deafness Problems in the Proposed Protocol
By applying the pulse/tone exchange, the hidden-node problem and the deafness problem are effectively mitigated simultaneously in the proposed protocol. Figure 7 shows an example of mitigating the directional hidden-node problem in the proposed protocol. Node S cannot hear the pulse/tone exchange between nodes X and D when node S is involved in the different directional communication. When node S finishes the previous communication and beamforms to node D for transmitting the next frame, node S is unaware of the communication between nodes X and D. In this case, node S transmits a pulse after the backoff procedure. Since the pulse/tone exchange does not interfere with the other frame transmissions in the proposed protocol, node D neglects the pulse from node S and continues receiving the RTS frame from node X, as shown in Fig. 7 . In addition, node S will retransmit a pulse with the fixed CW until the communication between nodes X and D is finished, because node S cannot detect the tone for response. Figure 8 shows an example of mitigating the deafness problem in the proposed protocol. Node S transmits a pulse to node X, as shown in Fig. 8 . Since node X communicates with node D, node S cannot detect a tone for response. Thus, node S recognizes that node X is busy communicating with another node in another direction. This is because the probability of pulse-transmission overlapping due to the hiddennode problem is very low. Therefore, node S retransmits a pulse with the fixed CW, namely α = 1 in Fig. 5 . As a result, the proposed protocol improves the network throughput by applying the pulse/tone exchange because of two factors. One is the reduction of collisions caused by the hidden-node problem, and the other is the reduction of wireless resource wastage by fixing the CW.
Since the pulse and tone cannot contain any information, the transmitter possibly receives the tone from the neighbor nodes, which are not the receiver, as shown in Fig. 9 . As a result of this unexpected tone-detection, the transmitter cannot mitigate the directional hidden-node problem or the deafness problem in the pulse/tone exchange process. Figure 9 (a) shows an example of the directional hidden-node collision due to the unexpected tone-detection. When node S prepares to transmit frames to node D after finishing the communication in another direction, node S beamformes to node D. Node S cannot hear the channel state information of the communication with nodes X and D. Thus, node S transmits a pulse to node D and detects a tone from the unexpected node I. The RTS frame transmission of node S interferes with the frame transmission between node X and node D, the frame transmission of node X also fails due to the hidden-node collision. Figure 9 (b) shows an example of the deafness problem due to this unexpected tone-detection. Although node X communicates with node D, node S detects a tone from unexpected node I, which is in the same direction of node S's beamforming. Since node X is unable to comprehend the RTS frame transmission of node S, node S fails to receive the CTS frame due to the deafness problem. In the proposed protocol, when the transmitter succeeds in the pulse/tone exchange but fails in the RTS/CTS handshake, the transmitter retransmits the pulse with doubled CW, namely α = 2 in Fig. 5 . This is because the transmission failure effect on the throughput decrease caused by the hidden-node problem is larger than that caused by the deafness problem effect as described in previous research results [3] - [5] .
Performance Evaluation
In order to evaluate the performance of the proposed protocol, we have simulated ad hoc networks implementing the proposed protocol and other conventional protocols using a simulation program written in C. In order to confirm the credibility of our simulator, the throughputs of the IEEE 802.11 DCF obtained using our simulator were verified to be the same as those obtained using the NS-2 simulator. With the exception of the MAC layer, the effects of the other layers are not included in the results of the present paper. In addition, the bandwidth consumption of the in-band pulse/tone signal is assumed to be negligible compared to the bandwidth of the data channel. This assumption follows the assumptions in [7] , [9] , [17] . Figure 10 shows the antenna model, which is used in simulations. Each node has both the omni-mode and the directional mode with an adaptive array antenna. Generally, directional transmissions have a larger transmission range than omni-directional transmissions. Therefore, directional beamforms may potentially interfere with communications that take place far away. In the present paper, however, we would like to focus exclusively on the gains from spatial reuse. Therefore, it is assumed that the transmission range of the directional antenna is the same as that of the omni-directional antenna. Each node can understand the transmitter direction based on the receiving frames and the pulse/tone signals in the omni-mode. It is also possible for the nodes to transmit only one frame or one signal.
Antenna Model
Simulation Parameters and Results
The parameters of the simulation are presented in Table 2 , which are basically follow those of IEEE 802.11b standard. In Table 2 , power consumption is abbreviated as PC. The data channel rate is 11 Mbps, and the control channel rate is 1 Mbps. Both the pulse and tone are transmitted for a duration of 5 μS [17] . A total of 30 nodes are placed in the area of 400 m × 400 m at random. Each node randomly selects one of the neighbor nodes as a receiver. The traffic model follows the Poisson arrival. The node mobility is not considered in this paper. The angle of the antenna beam is set to π/2. In the present paper, five protocols are investigated, i.e., IEEE 802.11 DCF (802.11), MAC protocol applying the pulse/tone exchange with omni-directional antennas (Pulse/tone) [17] , MAC protocol using smart antennas (DMAC) [3] , MAC protocol using the busy tone (BT-MAC) [8] , and the proposed protocol (Proposed). Additionally, the DMAC and the proposed protocols are evaluated for α = 1 and 2. Figure 11 shows the average throughput as a function of the offered load at each node. This figure shows that the throughput of the pulse/tone is higher than that of the 802.11. Similarly, the throughput of the proposed protocol for α = 2 is also higher than that of the DMAC for α = 2. Figure 12 shows the RTS frame collision and the RTS frame deafness probabilities as a function of the offered load at each node. Here, the RTS frame collision probability is defined as the ratio of the number of RTS frame collisions to the number of RTS frame transmissions. In addition, the RTS frame deafness probability is defined as the ratio of the number of RTS frame deafness occurrence to the number of RTS frame transmissions. In Fig. 12(a) , the plots of the proposed protocol for α = 1 are completely overlapped with that for α = 2. Based on Fig. 12(a) , the RTS frame collision probabilities of the pulse/tone protocol and the proposed protocol are lower than those of the 802.11 and the DMAC protocol, respectively. Therefore, it can be stated that RTS frame collisions are effectively reduced by the pulse/tone exchange. The network throughput is accordingly improved.
The throughput difference between the proposed protocol and the DMAC protocol is, however, much larger than that between the pulse/tone protocol and the 802.11. Even though RTS frame collisions are reduced in the pulse/tone protocol as shown in Fig. 12(a) , the number of exposed nodes increases due to the omni-directional pulse/tone transmissions. Therefore, the throughput difference between the pulse/tone protocol and the 802.11 is small. In the proposed protocol, the throughput is improved owing to two factors. One is that RTS frame collisions are reduced by the pulse/tone exchange, and the other is that the number of exposed nodes decreases as a result of using smart antennas. Thus, it can be stated that the effect of applying the pulse/tone exchange in the proposed protocol is greater than that in the pulse/tone protocol with omni-directional antennas.
The throughput of the DMAC for α = 2 is higher than that of the 802.11. Similarly, the throughput of the proposed protocol for α = 2 is also higher than that of the pulse/tone protocol. The use of the smart antenna improves the network spatial-reusage efficiency. Therefore, the throughputs of both the DMAC protocol and the proposed protocol are improved compared with the 802.11 and the pulse/tone protocol, respectively.
In addition, the throughput difference between the proposed protocol and the pulse/tone protocol is larger than that between the DMAC protocol and the 802.11 as shown in Fig. 11 . In the DMAC protocol, both the deafness problem and the hidden-node problem occur, which can be confirmed in Fig. 12 . This causes a degradation in the network throughput. In Fig. 12(a) , the RTS frame collision prob- ability difference between the DMAC for α = 2 and the 802.11 is small. This is because the new occurrence of the directional hidden-node problem increases RTS frame collisions, although the enhanced spatial-reusability efficiency has a positive influence on decreasing RTS frame collisions between the hidden nodes. In the proposed protocol, RTS frame collisions are drastically reduced by the pulse/tone exchange, which can be confirmed from Fig. 12(a) . Few RTS frame collisions occur in the proposed protocol due to the unexpected tone-detection. Figure 13 shows the pulse overlapping and the pulse deafness probabilities as a function of the offered load at each node. Here, the unexpected tone-detection is defined as the pulse deafness. Figure 13 shows that the pulse deafness probability is negligible. In the present paper, the pulse deafness probability is defined as the ratio of the number of pulse deafness occurrences to the number of pulse transmissions. Note that the number of the pulse transmissions is approximately three times greater than the number of RTS frame transmissions. As a result, it can be stated that the effect of using smart antennas in the proposed protocol is larger than that in the DMAC protocol. Figure 11 shows that the throughput of the DMAC for α = 1 is lower than that of the DMAC for α = 2. Conversely, the throughput of the proposed protocol for α = 1 is higher than that of the proposed protocol for α = 2. The transmitter fixes the CW in any case when an RTS frame retransmission is needed in the DMAC for α = 1. Thus, both the RTS frame collision and the RTS frame deafness probabilities of the DMAC for α = 1 are higher than those of the DMAC for α = 2, which can be confirmed from Fig. 12 . The increase in RTS frame collision and RTS frame deafness degrades the network throughput in the DMAC for α = 1. In the proposed protocol, because the deafness problem occurrence can be recognized by the tone-detection failure, the transmitter accordingly retransmits a pulse with the fixed CW. The negligible pulse overlapping probability shown in Fig. 13 confirms that the tone-detection failures are mainly caused by the deafness problem. Thus, the proposed protocol for α = 1 achieves higher throughput than that for α = 2, which is due to the decrease in the wastage of wireless resources. In addition, the transmission opportunities increase due to fixing the CW in the proposed protocol for α = 1. Accordingly, the RTS frame deafness, pulse overlapping and pulse deafness probabilities of the proposed protocol for α = 1 are higher than those of the proposed protocol for α = 2, as shown in Figs. 12 and 13. Figure 11 shows that the proposed protocol exhibits higher throughput than the BT-MAC protocol. In the BT-MAC protocol, the RTS frame deafness probability is reduced to approximately 0, as shown in Fig. 12(b) , because the busy tone signals are sent omni-directionally during the transmission and reception period. The RTS frame collision probability of the BT-MAC protocol is, however, approximately the same as that of the DMAC protocol as shown in Fig. 12(a) . As a result, the throughput of the proposed protocol is higher than that of the BT-MAC protocol. Figure 14 shows the average throughput as a function of the node density. The figure shows that the throughput decreases with the increase in node density for all of the protocols. The increase in both frame collisions and exposed nodes degrades the network throughput as the node density increases. Figure 14 shows that the throughput of the proposed protocol is higher than that of the BT-MAC protocol, regardless of the node density. This is because the RTS frame collisions, which degrade the network throughput in the BT-MAC protocol, are effectively reduced in the proposed protocol. In addition, the throughput of the DMAC for α = 2 is higher than that for α = 1 regardless of the node density. Conversely, the throughput of the proposed protocol for α = 1 is higher than or equal to that for α = 2 as the node density increases. The throughput difference between the proposed protocol for α = 1 and that for α = 2 becomes small as the node density increases as shown in Fig. 14 . When the node density is high, the directional hidden-node problem or the deafness problem cannot be mitigated in the pulse/tone exchange process due to the unexpected tone-detection problem. A number of retransmissions occur due to RTS frame transmission failures in the proposed protocol. In the case of retransmissions due to RTS frame transmission failures, both the proposed protocol for α = 1 and 2 double the CW for retransmitting. Therefore, the operations of the proposed protocol for α = 1 are almost the same as that for α = 2 for high node density. As a result, the throughput of the proposed protocol for α = 1 is the almost the same as that of the proposed protocol for α = 2 for high node density. Note that the throughput of the proposed protocol for α = 1 is always higher than or equal to that of the proposed protocol for α = 2. Figure 15 shows the power consumption for one frame transmission as a function of the offered load at each node. The figure shows that the power consumption decreases as the offered load increases for all protocols. This is because the differences of the consumed power in the IDLE state, the CONT END state, and the T RANS MIS S ION state are small, as shown in Table 2 . When the offered load is low, nodes remain a long time in the IDLE state, where the consumed power never contributes to frame transmissions. Figure 15 shows that the proposed protocol achieves the lowest power consumption among the protocols. In the pulse/tone protocol, since the number of exposed nodes increases due to the omni-directional pulse/tone transmission, the power consumption in the CONT END state increases but does not contribute to frame transmissions. Figure 15 confirms that the power consumption of the pulse/tone protocol is higher than that of the 802.11 when the offered load is heavier than 0.8 Mbps. In the proposed protocol, exposed nodes are reduced by applying smart antennas. Therefore, the power consumption in the CONT END state of the network is reduced. As a result, the power consumption of the proposed protocol is lower than that of the pulse/tone protocol. On the other hand, the power consumption of the pro- posed protocol is also lower than that of the DMAC protocol as shown in Fig. 15 . In the DMAC protocol, RTS frame collisions cause an increase in the power consumption. It can be confirmed that the power consumption of the DMAC for α = 1 is higher than that of the DMAC for α = 2. This is because the number of RTS frame collisions increase by fixing the CW in the DMAC for α = 1. In the proposed protocol, RTS frame collisions are reduced due to the pulse/tone exchange. Therefore, the power consumption for retransmitting can be reduced due to the decrease in the number of collisions. In addition, when the deafness problem occurs, the pulse is repeatedly transmitted in the proposed protocol. Meanwhile, the RTS frame is repeatedly transmitted in the DMAC protocol. The power consumption for RTS frame transmission is approximately 70 times as high as that for pulse transmission, as shown in Table 3 . Therefore, when the deafness problem occurs, the power consumption for retransmitting can also be reduced in the proposed protocol. As a result, the power consumption of the proposed protocol is lower than that of the DMAC protocol. Figure 15 shows that the power consumption of the proposed protocol is lower than that of the BT-MAC protocol. This is because the pulse/tone signal duration is much shorter than the busy tone signal duration in the BT-MAC protocol [8] .
Conclusion
The present paper has proposed a MAC protocol for smart antenna networks. In the proposed system, each node is equipped with only one transceiver. The basic idea is that the pulse/tone exchange proposed in [17] is applied to the DMAC protocol [3] . The proposed protocol has three advantages. First, compared with the DMAC protocol, the number of RTS-frame collisions can be drastically reduced with little additional overhead by exchanging pulse and tone prior to the RTS/CTS handshake process. Second, by using smart antennas, the number of exposed nodes can be reduced compared with the pulse/tone exchanging protocol in [17] . Finally, because the occurrence of the deafness problem can be identified based on the pulse/tone exchange failure, retransmission is conducted with fixed CW. The wastage of wireless resources due to the deafness problem is therefore reduced. As a result, the network throughput can be improved effectively compared with previous protocols. Simulation results demonstrate the validity and effectiveness of the proposed protocol.
In the present paper, the bandwidth consumption of the in-band pulse/tone signal is negligible. Practically speaking, the bandwidth of the pulse/tone signal is not zero but has very little effect. As discussed in [16] , [17] , it is sufficient for nodes to detect the pulse/tone signal in 5 μs when 1% of the total channel frequency spectrum is assigned to the pulse/tone signal. However, as shown in Fig. 11 in Sect. 4.2, the throughput of the proposed protocol is approximately 1.4 times as high as that of the DMAC protocol by using the pulse/tone signal. It is believed that the throughput improvement in the proposed protocol is enough to offset the bandwidth consumption of the pulse/tone signal.
